Estimating personal exposures to air pollution is a crucial component in identifying high -risk populations and determining efficient control strategies. Because of the difficulty of comprehensively measuring personal exposure, data on air pollution patterns in homogenous microenvironments linked with activity data are often used as surrogates. In this study, we focus on strengthening the available information about nonresidential microenvironmental exposures to particulate matter and other combustion pollutants. During the summer of 2000, we measured ultrafine particles, fine particulate matter ( PM 2.5 ), and particlebound polycyclic aromatic hydrocarbons ( PAHs ) outdoors and in indoor microenvironments in Boston, Massachusetts. In indoor microenvironments averaged across sample days, mean ultrafine particle concentrations ranged from 3800 to 140,000 particles / cm 3 , with 7 -200 g / m 3 of PM 2.5 and 5 -12 ng / m 3 of particle -bound PAH. PM 2.5 indoor -outdoor ratios generally exceeded 1 in settings with high levels of human activity, with lower ratios for ultrafine particles. Cooking activities contributed significantly to elevated levels of all three pollutants. Using Linear Mixed Effects models with AR -1 autoregressive correlation structures, 10 -min average outdoor concentrations were generally weak predictors of indoor levels, with stronger relationships in an apartment without mechanical ventilation than in air -conditioned nonresidential settings. Although further study would be needed to determine whether these patterns could be generalized beyond the monitored sites, these data support previous findings and enhance our knowledge about nonresidential exposure patterns.
Introduction
Exposure assessment has recently been described as the key to improving the practice of risk assessment in a range of settings ( Wakefield, 2000 ) . This is both because of the critical role exposure assessment plays in quantifying risks and because the available data on human exposure patterns are decidedly limited. Studies with exposure assessment components, such as the National Human Exposure Assessment Study ( NHEXAS ) or the National Health and Nutrition Examination Surveys (NHANES ), yield useful estimates at the population level but provide only a limited ability to generalize or identify sources and microenvironments leading to elevated exposures.
To characterize personal exposures without the need for measuring exposures for a significant number of people, the concept of microenvironmental assessment has been proposed. A microenvironment has been defined as a fixed space that has relatively homogenous air pollution concentrations (spatially if not temporary ) (Ott et al., 1992 ) . In conjunction with information on human activity patterns, microenvironmental concentration data can allow for the distribution of personal exposures to be estimated without the need for expensive and time -consuming monitoring.
While microenvironmental concentrations inside and outside of residences have been characterized in numerous studies and analyses (e.g., Wallace, 1996; Abt et al., 2000; Chang et al., 2000; Wallace, 2000 ) , common nonresidential microenvironments have received relatively little attention. Since people typically spend most of their time at home, in transit, or in workplaces (Robinson and Thomas, 1991 ) , one might draw the conclusion that increased understanding of the remaining exposure settings would have limited value. However, it would be important to characterize microenvironments where some people spend substantial fractions of their time, where exposures might be highly elevated, or where susceptible subpopulations might be found. If information is lacking about these microenvironments (or if data are available only in limited settings ), personal exposure models may miss critical details underlying exposure patterns.
Although nonresidential microenvironmental studies have been conducted in the past ( e.g., Brauer et al., 1999; Levy et al., 2000 ) , they have generally been based on a small number of measurements. This makes it difficult to discern whether microenvironmental concentration patterns are functions of inherent characteristics of the microenvironments or temporal /spatial variability in outdoor concentrations and meteorological conditions in the region. Simultaneous continuous measurements of concentrations in indoor nonresidential microenvironments and outside of these microenvironments have not typically been conducted.
In this study, we address some of the above concerns by developing a microenvironmental monitoring protocol with geographically clustered sites ( to reduce outdoor source variability ) and measurements for multiple hours across multiple days. This provides the larger sample size necessary to strengthen statistical comparisons and allows for a better understanding of concentration patterns within microenvironments.
We measure multiple pollutants that would be expected to be present in indoor and outdoor urban microenvironments and that are thought to influence human health. The health effects of fine particulate matter ( PM 2.5 ) have been extensively documented in the past ( e.g., Dockery and Pope, 1994; Pope, 2000; Pope et al., 1995; Samet et al., 2000 ) . There has also been recent epidemiological evidence of premature mortality associated with ultrafine particle number concentrations ( Wichmann et al., 2000 ) . Thus, we evaluate microenvironmental exposures to both PM 2.5 and ultrafines. In addition, we measure particle -bound polycyclic aromatic hydrocarbons (PAHs ), which are considered to be potential carcinogens /mutagens ( US DHHS, 1995 ) and have been shown to affect the immune system ( Nel et al., 1998 ) and lead to intrauterine growth retardation ( Dejmek et al., 2000 ) , among other outcomes. For these pollutants, the primary goals of our analysis are to:
o Estimate the magnitude and distribution of concentrations inside and outside common nonresidential urban microenvironments, along with indoor -outdoor concentration ratios;
o Evaluate whether sets of pollutants are correlated with one another, to help in source characterization and to determine whether simpler /cheaper measures of air pollution can act as proxies of more complex / expensive measures;
o Develop predictive regression models for indoor concentrations of all pollutants, to determine the influence of outdoor concentrations and weather by microenvironment.
Methods
Between June and August of 2000, we measured PM 2.5 , ultrafine particles, and particle -bound PAH concentrations in six indoor microenvironments and two transportation microenvironments, as well as outdoors. In addition, we took limited measurements of particle count concentrations in four aerodynamic size ranges ( 0.3-0.5, 0.5-1.0, 1.0 -5.0, >5.0 m ), along with carbon dioxide, temperature, and relative humidity. Instruments were divided between two preconfigured backpacks to allow simultaneous indoor and outdoor measurements.
PM 2.5 concentrations were measured with a DustTrak Model 8520 ( TSI, Minneapolis, MN ), a laser photometer fitted with an impactor to exclude particles greater than 2.5 m in diameter. The DustTrak was calibrated daily to a zero filter, with the 2.5-m nozzle checked daily and cleaned every 300 h of sampling ( three times during our sample period ). Limited PM 2.5 measurements were also taken with colocated TEOMs to allow for a comparison of measurement methods.
Ultrafine particles were measured with a TSI P -Trak Model 8525, which counts particles between 0.02 and 1.0 m in diameter. The P -Trak is a condensation nuclei particle counter that passes particles through a saturator tube and mixes them with an isopropanol vapor. The mixture is then drawn into a condenser tube where the isopropanol condenses on the particles and allows them to grow into droplets that can be detected more easily. The P-Trak was calibrated daily using a zero filter, and the inlet screen was cleaned monthly or sooner as required.
PAH concentrations were measured with a PAS 2000CE (EcoChem Analytics, League City, TX ), a photoelectric aerosol sensor that uses irradiation energy and lamp wavelength specific to PAHs. The PAS 2000CE measures PAHs adsorbed onto (generally carbonaceous ) particles, which captures PAHs of greater than three rings and particles up to approximately 1 m in diameter. The continuous measurement methodology has been found to correlate well with conventional integrated measurement techniques ( Wilson et al., 1994 ) .
Along with these primary measurements, we also measured particle count concentrations using an APC -1000 Airborne Particle Counter ( Biotest Diagnostics, Denville, NJ ). Although these data can assist in preliminary source attribution (Brauer et al., 1999; Levy et al., 2000) , only one instrument was available at the time of the study and therefore it was not possible to perform a complete indoor -outdoor analysis with the APC -1000. Standard environmental parameters (carbon dioxide, temperature, and relative humidity) were measured using a TSI Q -Trak Model 8551.
We selected nonresidential indoor microenvironments that did not permit smoking and were either visited for significant periods of time by some individuals (mall, coffee shop ), had many susceptible individuals (hospital ), or were anticipated to have either elevated (food court ) or limited (library ) pollutant concentrations. We also evaluated a residential setting without air conditioning and two transportation microenvironments. The locations and characteristics of the eight microenvironments are described in Table 1 , and more detail about these settings is available on request.
The public library, coffee shop, mall, and food court are all located along Boylston Street in the Back Bay section of Boston, a relatively high -traffic street including some bus routes and truck traffic. The other microenvironments are all located within approximately 3 km of this cluster, all on or near busy streets with both automotive and bus /truck traffic. It should be noted that the outdoor measurements were immediately outside the indoor microenvironments with the exception of the transportation microenvironments. For the bus, measurements were taken both inside the bus and in a trailing car with open windows. The measurements for the subway microenvironment were taken on the train and on the indoor subway platform at the originating station in downtown Boston.
In each microenvironment, simultaneous 1-min average indoor and outdoor measurements were recorded for the duration of the sampling period. These were then averaged to provide the 10 -min averages used in our analysis. While this reduces the sample size for our regression analysis, it provides more stable and interpretable concentration estimates. Sampling was performed on weekdays for approximately 2 h in the morning and 2 h in the afternoon ( between 9 a.m. and 4 p.m. ), with lunchtime equipment maintenance and colocation of instruments for crosscalibration.
Each microenvironment was visited a minimum of three times during the study period. In addition, a log was maintained regarding the presence and proximity of smokers ( outdoors only ), the level of activity, and other factors judged by the field personnel to potentially influence concentrations of the measured pollutants. Because of the limited number of observations and difficulty in evaluating the start time and duration of the influential factors, information from the log was not included in the quantitative analysis.
For each measurement session and outcome variable, raw data were plotted and summary statistics were analyzed to screen for anomalous values that could correspond with instrument malfunction, flow restriction, or other operational anomalies. In addition, raw data for each day were corrected based on the differences between instruments cross -calibrated between the morning and afternoon sessions to minimize the effect of instrument differences on indoor -outdoor differences. Differences were generally small and did not significantly influence our findings.
Statistics
With our data, multiple statistical comparisons can be conducted to interpret concentration patterns. In our Levy et al., 2000 ) , we evaluated heterogeneity among indoor and outdoor microenvironments using Linear Mixed Effects models with AR -1 correlation structures ( Davidian and Giltinan, 1995 ) and by applying Wald tests on estimated group means. While this analysis was important in determining whether significant heterogeneity existed and establishing rankings of microenvironments by particle size, it was not able to address the question of the influence of outdoor sources on the indoor concentrations (due to the lack of simultaneous indoor -outdoor measurements ). In our current analysis, we focus on developing predictive equations for indoor concentrations by microenvironment. For these models, we note that all air pollution measures are likely autocorrelated within microenvironments because of the short averaging times for the statistical comparisons ( 10-min averages ). Longer averaging times may be more meaningful from a health perspective, but a recent analysis ( Houseman et al., in press ) demonstrated that lengthening the averaging time to a degree that would remove autocorrelation would impair statistical inference. To deal with autocorrelation, we apply Linear Mixed Effects models by assuming an AR -1 autoregressive correlation structure within each session (with morning and afternoon measurements considered as separate sessions due to the time gap between them ).
We model each indoor concentration as a function of only outdoor concentrations in each microenvironment taken separately, testing lag times for outdoor concentrations ranging from 0 to 40 min. We also evaluate whether temperature or relative humidity adds to the predictive power within microenvironments. To make a broad determination of whether heterogeneity exists across microenvironments, we select a typical lag time and construct models across all microenvironments that include outdoor concentrations and interaction terms. The qualitative assessments of source variability (e.g., periodic presence of outdoor smokers, idling vehicles, human activity ) are excluded from the analysis, as are terms such as the volume of the indoor environment that were not quantified during the fieldwork. Although concentrations are somewhat skewed within microenvironments ( with greater skew across microenvironments ), we do not log -transform in our regressions for ease of interpretation.
Along with our regression models, we also rely on descriptive statistics to understand the sources of air pollution in different microenvironments. We compare indoor and outdoor concentrations (and indoor -outdoor ratios ) and examine the correlations between pollutants. Higher correlations would likely imply that a similar source category or set of sources is contributing to the measured concentrations.
Results

Summary Statistics
In total, our microenvironmental sampling protocol yielded 669 10-min time periods in which at least one valid measurement was recorded, with 29 separate dates of measurement and 49 distinct sessions. We report descriptive statistics based on this complete set of data, although a subset is used for regression modeling and betweenpollutant comparisons (due to missing data for different instruments in different time periods ). In addition, we report statistics using the cross -calibration adjustments.
The indoor and outdoor concentrations by pollutant and nontransportation microenvironment are depicted in Figure 1 . For ultrafine particles, mean concentrations were relatively similar across the six outdoor settings (four of which were located on the same street ), ranging between 29,000 particles /cm 3 outside of the apartment and 41,000 particles / cm 3 outside of the food court. However, the concentrations of ultrafine particles were far more variable across indoor microenvironments. Concentrations in the food court (mean of 140,000 particles /cm 3 ) were nearly an order of magnitude greater than in any other indoor microenvironment, with levels lower in the hospital and library than elsewhere. The extreme levels in the food court were consistent across all three sampling days, and the temporal patterns in concentrations were consistent with increased cooking activity during mid -morning preparation and near lunchtime.
For PM 2.5 , mean concentrations were also substantially higher both inside and outside of the food court than in other nontransportation microenvironments (200 g/m 3 indoors, 73 g/m 3 outdoors ). In other indoor microenvironments, mean PM 2.5 concentrations ranged between 7 g/m 3 in the hospital and 36 g/m 3 in the mall. Mean outdoor concentrations ranged between 10 g/m 3 outside of the apartment and 44 g/m 3 outside of the hospital. As for ultrafine particulate matter, PM 2.5 concentrations in the food court corresponded with cooking activity, while other microenvironments displayed limited temporal variability.
Mean PAH concentrations were generally low but ranged by approximately a factor of 2 across indoor microenvironments, with the highest levels recorded in the mall ( 12 ng / m 3 ) and food court (9 ng/ m 3 ). Outdoor PAH concentrations tended to be greater than indoor concentrations, with the highest mean levels found outside of the library (19 ng / m 3 , near a bus stop ) and outside of the hospital (15 ng/m 3 , near the ambulance entrance ).
Some of the differences in characteristics of the microenvironments can be seen by considering indooroutdoor concentration ratios ( Table 2 ) . With the exception of the food court ( the only microenvironment with significant indoor sources), the indoor -outdoor ratios were less than 1 for ultrafine particles. The ultrafine particulate matter indoor -outdoor ratios were fairly consistent throughout the day, with peaks during high cooking activity in the food court. In contrast, PM 2.5 indoor /outdoor ratios generally exceeded 1 in microenvironments other than the hospital and library. PAH indoor -outdoor ratios followed similar patterns as PM 2.5 , but with slightly lower values, with higher ratios in the mall and food court and lower ratios in the hospital and library ( Table 2 ). The two transportation microenvironments ( bus and subway) have some differences in the magnitude and distribution of exposures when compared with indoor microenvironments ( Figure 2 ). Both inside the bus and in the car following the bus, the ultrafine particulate matter concentrations were not appreciably different from outdoor levels elsewhere. However, both PM 2.5 and PAH concentrations were elevated, with levels slightly greater within the bus than in the car trailing the bus. For the subway, while ultrafine particulate matter concentrations were not elevated inside the subway or on the subway platform, PM 2.5 concentrations were higher than in most nontransportation microenvironments ( mean of 67 g/m 3 on the subway ). We can also characterize these microenvironments with our measurements of carbon dioxide and the limited particle count measures from the APC -1000. As would be expected, CO 2 concentrations were higher indoors than outdoors, with the highest levels found in indoor microenvironments with high population density and relatively small volumes (mean of 1400 ppm in the coffee shop, 1100 ppm in the food court, 820 ppm in the mall). Particle counts less than 5.0 m were highest inside the food court and low in the hospital and library. In contrast, particle counts greater than 5.0 m were highest in locations with heavy pedestrian traffic, such as the mall and coffee shop. These general trends are in agreement with the findings of our earlier investigation (Levy et al., 2000 ) .
To further characterize the air pollution patterns, we consider simple correlations among the primary environmental parameters (ultrafine particulate matter, PM 2.5 , and PAH ) in indoor and outdoor settings. When all nontransportation microenvironments are combined, indoor ultrafine particulate matter and PM 2.5 are highly correlated (r =0.79), and both are highly correlated with indoor particle count concentrations in smaller size ranges (PM 0.3 -0.5 , PM 0.5 -1.0 , and PM 1.0 -5.0 ). Indoor PAH concentrations are less correlated with other pollutants, with the strongest correlations with PM 0.3 -0.5 ( r= 0.41) and PM 0.5 -1.0 (r =0.36), related to the sizes of the measured particlebound PAHs. As expected, the relationships vary somewhat by microenvironment. In the apartment, all three indoor measures are strongly correlated and both PM 2.5 and PAHs are strongly correlated with outdoor levels, indicating the substantial contribution from outdoor sources. In contrast, the indoor food court measures are correlated with each other but are minimally correlated with outdoor levels, related to the presence of an indoor cooking source. Of note, the correlations varied widely within microenvironments when measurement sessions were taken independently.
Finally, the comparison between PM 2.5 as measured by DustTrak and TEOM demonstrates a substantial but consistent bias. In a linear model, 30-min average DustTrak concentrations were 2.8 times TEOM concentrations, with an intercept near 0 and an R 2 of 0.93 ( n= 46 ). Although it has been documented that the TEOM loses a significant fraction of semivolatile particulate matter ( Allen et al., 1997 ), this fact cannot explain the magnitude of the difference or the similar differences documented with gravimetric methods elsewhere ( Chang et al., 2001 ) . A consistent multiplicative relationship implies that indooroutdoor ratios and relative comparisons between microenvironments might not be drastically affected by the sampling bias, but that our PM 2.5 measurements may need to be modified before they could be used in personal exposure models.
Regression Analysis
For our regression models of indoor -outdoor relationships, we focus on nontransportation microenvironments. We regress indoor concentrations on outdoor levels using the lag that maximizes the statistical significance of the outdoor concentration term. For ultrafine particulate matter, outdoor concentrations are statistically significant predictors of indoor levels in all microenvironments but the food court, although with slopes generally close to 0 (Table 3 ) . The statistical significance of the outdoor concentration term is generally maximized with a lag period of approximately 10 min. For PM 2.5 , outdoor concentrations are statistically significant predictors of indoor concentrations only in the apartment and the coffee shop, with optimal lag periods similar to those for ultrafine particulate matter ( Table 3) . Only within the non -air-conditioned apartment is the indoor -outdoor slope statistically significant with a slope not close to 0. Similarly, outdoor concentrations are only a positive significant predictor of indoor PAH levels in the apartment.
When we incorporate indoor temperature and relative humidity terms into each microenvironment -specific regression, they have limited predictive power other than in the apartment. In the apartment, temperature and relative humidity are positive predictors of all three pollutants (P < 0.05 for all but temperature for PAHs, for which P= 0.06 ). In contrast, the indoor temperature and relative humidity terms are only significant predictors in other microenvironments for ultrafine particulate matter, where temperature is significant in the food court and relative humidity in the coffee shop. Outdoor temperature and relative humidity are similarly insignificant in most models. Because of the general lack of significance, we omit these terms from further analyses.
To evaluate heterogeneity among microenvironments, we construct regression models that predict indoor concentrations as a function of outdoor concentrations, microenvironment, and an interaction term between outdoor concentrations and microenvironment. For uniformity, we adopt a 10-min lag for outdoor concentrations in all microenvironments. For ultrafine particulate matter, all three terms are significant (P < 0.05 ), demonstrating heterogeneity in both the baseline indoor levels and the change in indoor concentrations per unit change in outdoor concentrations ( Table 4 ) . As the descriptive statistics indicated, the food court has significantly higher levels than any other microenvironment. The relationship with outdoor levels also appears more significant, which may be related to the effect of the indoor source. All three terms remain statistically significant even when the food court is omitted, related in part to differences between the apartment and other microenvironments. In contrast, for PM 2.5 , baseline concentrations (the intercept term ) vary significantly, but the effect of outdoor concentrations is statistically insignificant ( Table 4) . Much of the heterogeneity in intercepts is driven by the food court, with a statistically insignificant difference if the food court is removed from the analysis. Removing the food court also increases the significance of the outdoor concentration term, although it remains statistically insignificant ( P= 0.06 ). The indoor -outdoor relationship differs for the apartment, potentially related to the lack of central air conditioning.
For particle -bound PAHs, there is little evidence of heterogeneity across microenvironments given a fixed lag structure ( Table 4 ) . As discussed earlier, PAH concentrations are Table 3 . Linear Mixed Effects regression model of 10 -min average indoor concentrations on time -lagged outdoor concentrations, nontransportation microenvironments only ( presented to two significant figures, P < 0.05 in bold ). somewhat higher in the food court and mall, potentially associated with proximity to cooking sources. In addition ( although the differences are not statistically significant ), the interaction terms indicate that a unit change in outdoor PAH concentrations had the greatest effect on indoor PAH concentrations in the apartment. All temperature and relative humidity terms were insignificant in all three multimicroenvironment regression models.
Pollutant
Discussion
The findings from our microenvironmental analysis indicate that variability exists among indoor nonresidential microenvironments that is not simply a function of outdoor concentration patterns. For ultrafine particulate matter, indoor concentrations were generally lower than outdoor levels if indoor sources were not present, but cooking activities led to substantial increases in concentrations. The lower indoor -outdoor ratios for ultrafine particles, when compared with PM 2.5 , are supported by past studies ( Long et al., 2001 ) and can be related to greater depositional losses from diffusion and lower penetration rates (Mosley et al., 2001 ) . Specific cooking activities have been implicated in elevated ultrafine concentrations in residential settings (e.g., Abt et al., 2000b; Wallace, 2000 ) , the effect of which is magnified in a food court with numerous grills. In contrast, PM 2.5 indoor -outdoor ratios were generally greater than 1 in indoor environments with significant human activity (such as the mall, coffee shop, or food court ). Although indoor -outdoor PM 2.5 ratios can vary substantially across settings, ratios close to or exceeding 1 have been documented frequently in residences, particularly those with smokers, indoor combustion sources, or human activity ( e.g., Pellizzari et al., 1999; Janssen et al., 2000; Rojas -Bracho et al., 2000; Vette et al., 2001 ) . Although resuspension processes largely influence coarse particles, larger particles in the PM 2.5 fraction can also be affected by resuspension ( Chow et al., 1994; Vette et al., 2001 ) . PAH concentrations followed generally similar trends as PM 2.5 , with elevated concentrations mostly associated with high -traffic settings or cooking, as documented previously (Chuang et al., 1999; Dubowsky et al., 1999) . For all three pollutants, we determined that outdoor concentrations are relatively poor predictors of indoor levels in short sampling periods in microenvironments. Outdoor concentrations were only significant for ultrafine particles, but with a slope near 0.
One interesting finding beyond the microenvironmental comparisons is that the clustering of observations within measurement sessions (used in our Linear Mixed Effects models) leads to different conclusions from a naı¨ve regression analysis. This phenomenon is illustrated by Figure 3 , which displays PAH concentrations inside and outside the apartment microenvironment. When all sessions are pooled, the 10-min lagged outdoor concentration is a strongly significant predictor of indoor levels, with a slope near 1. However, this is largely a function of the heterogeneity in concentrations across sessions, with a much less significant relationship and lower slope within any one session. This supports the notion that the longitudinal relationship between integrated measures of indoor and outdoor concentrations could be strong, despite the lack of significance in our analysis with 10 -min average concentrations.
While the data gathered in our microenvironmental analysis can provide some insight about exposure patterns in the urban environment, there are some limitations in applying our findings directly to activity pattern data. We deliberately selected microenvironments that were in close proximity to one another to limit the influence of outdoor concentration patterns, and we took multiple hours of measurements at each microenvironment to strengthen the statistical power and interpretability of our analysis. However, the tradeoff is that we have used single sites to characterize broad microenvironmental categories, and our selected sites may not be generalizable to all similar microenvironments. In other words, the concentration patterns in the coffee shop may be related to the particular configuration of the shop or the ventilation system in place, and these factors could potentially differ in other coffee shops. In addition, our microenvironmental measurements were taken only during the summer over a relatively small number of days, further impeding generalizability. Finally, the DustTrak may overestimate PM 2.5 concentrations, making it difficult to incorporate our data directly into microenvironmental models.
One question that arises in interpreting our data and model findings is whether microenvironmental heterogeneity has any meaningful health implications. If there are short -term thresholds for health effects, peak exposures . Similarly, time spent in and around transportation microenvironments could significantly increase daily average exposure.
Further analyses of these data might include a more detailed evaluation of the lag structure that optimizes the relationship between indoor and outdoor concentrations, as well as the influence of averaging time ( although preliminary analyses indicated that our findings were similar with alternative averaging times ). Although we evaluated multiple potential lags, more complex analyses with distributed lags could potentially improve the predictive power of outdoor concentrations and could help in the characterization of infiltration rates.
In addition, given more detailed information about the indoor microenvironments (such as the volume of the space and type and operating parameters of the ventilation system ), the indoor and outdoor concentrations could be used in a mass balance equation to try to quantitatively separate the influences of indoor and outdoor sources. This would help determine the fraction of indoor exposure that can be associated with penetration from the outdoors -an important estimate for interpreting epidemiological analyses. Another refinement might include the collection of traffic count data near the outdoor measurements or pedestrian activity data near the indoor measurements to try to develop quantitative source -term estimators. Finally, microenvironmental studies in other cities, seasons, and settings would be useful to help validate the general trends of our study.
Conclusions
We have continuously measured PM 2.5 concentrations, ultrafine particle counts, and particle -bound PAH concentrations within a number of common indoor nonresidential microenvironments in Boston. We found that indooroutdoor concentration ratios varied widely by pollutant and microenvironment, with higher ratios for PM 2.5 than ultrafine particles and in microenvironments with significant cooking or pedestrian activity. Outdoor measurements were relatively poor predictors of 10-min average indoor concentrations for all three pollutants, with a somewhat stronger relationship for ultrafine particles and in a nonair-conditioned apartment when compared with nonresidential settings with mechanical ventilation. Future analyses should focus on determining whether these relationships can be generalized beyond our selected sites and determining the influence of indoor site characteristics and source parameters on the ability to predict indoor concentrations.
